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In Brief
Klein et al. show a selective influence of the lateral geniculate nucleus koniocellular projections on the supragranular layers of visual cortex in the macaque, using cell-specific optogenetics and electrical microstimulation. Both stimulation methods result in similar feedforward activation selectivity.
SUMMARY
Electrical microstimulation and more recently optogenetics are widely used to map large-scale brain circuits. However, the neuronal specificity achieved with both methods is not well understood. Here we compare cell-targeted optogenetics and electrical microstimulation in the macaque monkey brain to functionally map the koniocellular lateral geniculate nucleus (LGN) projection to primary visual cortex (V1). Selective activation of the LGN konio neurons with CamK-specific optogenetics caused selective electrical current inflow in the supra-granular layers of V1. Electrical microstimulation targeted at LGN konio layers revealed the same supra-granular V1 activation pattern as the one elicited by optogenetics. Taken together, these findings establish a selective koniocellular LGN influence on V1 supra-granular layers, and they indicate comparable capacities of both stimulation methods to isolate thalamo-cortical circuits in the primate brain.
INTRODUCTION
Electric stimulation has been used for decades to map connectivity and function in the intact as well as the diseased brain. In recent years the focus has shifted to a newer method called optogenetics, in which neuronal activity is modulated through light-sensitive ion channels (opsins). This approach promises to solve three problems of electrical microstimulation that otherwise cannot be easily overcome. (1) Electrical microstimulation cannot be applied to subpopulations of neurons unless they are anatomically segregated. With optogenetics, the expression of opsins can be targeted to neuronal subpopulations (Cardin et al., 2010) or astrocytes (Perea et al., 2014) via genetic markers to gain selective control over these cells. (2) Electrical microstimulation theoretically can depolarize or hyperpolarize neurons, but the exact effect on each neuron in an area can be hard to predict (Ranck, 1975) . In optogenetics, depolarization versus hyperpolarization effects at first sight appear to depend primarily on the choice of the opsin. However, the precise effect of optogenetic stimulation also can be sometimes ambiguous, for example, due to network effects or compensatory mechanisms due to altered ion concentration following stimulation (Raimondo et al., 2012) . (3) Electrical microstimulation is known to drive neuronal circuits both ortho-and antidromically, potentially resulting in a mixture of circuit activation effects (Bishop et al., 1962) . Optogenetics promises to solve this limitation via the targeted opsin expression as well as the positioning of the stimulating fiber. The expression of opsins, however, usually occurs along the entire cell membrane, which can result in stimulation of axons as well. Here we investigated how the two techniques, optogenetics and electrical microstimulation, compare in mapping the cell-specific projection systems from the lateral geniculate nucleus (LGN) to the primary visual cortex (V1).
Neurons in the mammalian LGN relay the output of retinal ganglion cells to V1. In primates, parvo cells comprise 80% of all LGN neurons and, therefore, constitute the largest neuron population in the LGN. They form the four primary dorsal LGN layers and relay medium-wavelength color information to V1 (Hubel and Wiesel, 1966; Kaas et al., 1978; Schiller and Malpeli, 1978) . In contrast, LGN magno cells, which are sensitive to motion and contrast information in visual stimuli (Derrington and Lennie, 1984; Hubel and Wiesel, 1966; Schiller and Malpeli, 1978) , are located in the two ventral layers and make up 10% of the LGN cells (Kaas et al., 1978) . Intercalated to these bands are the konio layers (Hendry and Yoshioka, 1994; Kaas et al., 1978) . Even though the konio cell population also constitutes 10% of LGN neurons and, as such, is as large as the magno population (Hendry and Reid, 2000) , its precise function is still not fully understood. There have been reports that cells of the koniocellular system respond to short-wavelength visual stimuli (Martin et al., 1997) and binocular stimulation (Zeater et al., 2015) , while other studies have found much broader tuning properties including responses to non-visual stimuli (Irvin et al., 1986) . The three projection streams (magno, parvo, and konio) are segregated from each other inside the LGN and on their way to V1 (Hendrickson et al., 1978; Wilson, 1986; Wilson and Hendrickson, 1981) . The axons of the magno and parvo cells mainly target layer 4 of V1, whereas the axons of the konio cells terminate in the supra-granular V1 layers 1-3 (Casagrande et al., 2007; Chatterjee and Callaway, 2003; Hendry and Yoshioka, 1994) . A subpopulation of konio cells bypasses V1 by projecting directly to extrastriate cortex (Rodman et al., 2001; Sincich et al., 2004) , and it may thereby contribute to visual function-surviving V1 lesions (Ajina et al., 2015; Schmid et al., 2010) . Konio cells can be further distinguished from the remaining LGN cells on a biochemical level, as they are the only ones that express the calcium-binding protein CamKIIa (Hendry and Yoshioka, 1994) and Calbindin (Diamond et al., 1993; Rodman et al., 2001) . Magno and parvo cells instead express parvalbumin as a calcium-binding protein (Yan et al., 1996) . This clear biochemical distinction between magno/parvo and konio cells in combination with their division into separate projection streams makes the primate LGN an ideal candidate for testing circuit isolation capacities of optogenetic and electrical microstimulation. The feasibility of optogenetics in monkeys has been shown before (Afraz et al., 2015; Cavanaugh et al., 2012; Dai et al., 2014; Diester et al., 2011; Galvan et al., 2012; Gerits et al., 2012; Han et al., 2009 Han et al., , 2011 Inoue et al., 2015; Jazayeri et al., 2012; May et al., 2014; Ohayon et al., 2013) . Here we applied CamKIIa cell-targeted optogenetic channelrhodopsin2 (ChR2) stimulation to LGN konio layers, and we simultaneously recorded electrophysiological responses across the laminae of V1 in four anesthetized monkeys. We compared the results obtained with optogenetics to electrical microstimulation of different LGN layers.
RESULTS

CamKIIa-ChR2 Is Expressed in LGN Konio Layers
We injected adeno-associated virus particles (AAV5) that contained a DNA construct coding for the light-sensitive ion channel ChR2 and the enhanced yellow fluorescent protein (eYFP) under the control of a CamKIIa promoter into the right LGNs of four male macaque monkeys. In post-mortem histological examination LGN sections were stained for parvalbumin, which revealed the prominent laminar organization of LGN, with parvalbumindense magno and parvo cell layers interleaved with parvalbumin-pale regions ( Figure 1A ). The inverse pattern was found for the eYFP labeling with high density in the parvalbumin-free intercalated layers ( Figure 1B ; Figures S1A-S1C). Further histological analysis of the overlap between CamKIIa and eYFP expression confirmed that the majority of cells that labeled positive for eYFP also were expressing CamKIIa ( Figure S1D ; Table  S1 ) and, therefore, conformed with the definition of konio cells (Hendry and Yoshioka, 1994) . Neurons expressing eYFP also were encountered outside the intercalated layers where they formed cellular bridges ( Figure S1E ), as described by Hendry and Yoshioka (1994) . However, in addition to the predominant expression of eYFP in CamKIIa-positive LGN neurons, we also encountered eYFP labeling in parvalbumin-positive cells located in the magno-and parvocellular layers of LGN (Figure S1F ). This false-positive expression of the construct has been reported before in rodents as well as the primate cortex (Watakabe et al., 2015) and seems to be related to the promoter sequence.
Histological analysis of V1 sections in all four monkeys revealed most prominently an unexpected retrograde-traveling mechanism of the AAV5 particles that was evident by eYFPlabeled pyramidal neurons in V1 layer 6, which project back to the LGN (Lund et al., 1975) . The percentage of retrogradely labeled layer 6 CamKII cells, however, was low (<1%; see Figure S2 and Table S1 ), also under the consideration that only 13% of V1 layer 6 neurons project back to the LGN (Fitzpatrick et al., 1994) . Surprisingly, however, we also found labeled cell somata in V1 layer 4B for which there is no clear explanation at the moment ( Figure S3 ). In addition to the prominent eYFP labeling in LGN and the retrograde expression in V1, we encountered labeling in the retina, superior colliculus, pulvinar nucleus, medial geniculate body (MGB), and extrastriate cortex ( Figures S2D and S4 ). While the pulvinar labeling and MGB labeling are likely the result of spread of the injected construct, the retinal labeling confirms the retrograde-labeling mechanism ( Figure S2E ).
Taken together, these results demonstrate predominant expression of CamKIIa-ChR2-eYFP in LGN konio layers and additional weak expression in several other connected areas of the early visual system. (Hendry and Yoshioka, 1994; Yan et al., 1996) . ( Less Than 50% of Optogenetically Identified LGN Konio Neurons Are Visually Responsive Of 270 LGN single units that were recorded in four monkeys during anesthesia, we found that 23% (61/270 single units) increased their firing rate with short latency (<5 ms) during optogenetic stimulation with 473-nm blue light ( Figure S5A ). Also, 24.8% responded to blue light at a longer latency, 12.2% showed a decrease in firing rates, and 40.4% were not responsive to optogenetic stimulation. To ensure that non-specific heating artifacts associated with the laser stimulation did not cause the observed activation of LGN neurons, we performed control experiments using an intensity-matched red light (650-nm) laser. Under this condition no modulation of LGN activity was observed ( Figure S5B ).
During electrophysiological recordings, LGN neurons have traditionally been dubbed konio if they lacked the clear characteristics of parvo or magno neurons and were encountered in intercalated layers (Irvin et al., 1986; Martin et al., 1997; Norton and Casagrande, 1982; Szmajda et al., 2006; Xu et al., 2001; Zeater et al., 2015) . We tested the visual responsivity in 53 from our total pool of 61 optogenetically identified shortlatency neurons. Of these, only 43% (23 from 53 tested cells) showed responses to visual stimulation (luminance-matched drifting gratings, achromatic gratings, and colored dots; see the Supplemental Experimental Procedures for details and Table S2 for a complete list of all cells), while the remaining neurons showed no changes in firing rates during visual stimulation ( Figure S5C ). Across all neurons that responded to visual stimuli, no obvious homogeneous tuning, e.g., selectivity to blue visual stimuli, was observed, although a few blueresponsive neurons were contained in our sample. This observation is in line with the heterogeneous response profile that has been reported previously for the koniocellular population (Norton and Casagrande, 1982) . However, we are not able to exclude that expression of ChR2 in parvalbumin-positive cells or retrograde expression of the construct as described above also might have contributed to the encountered visual response heterogeneity among the optogenetically identified LGN neurons.
Optogenetic Stimulation of LGN Konio Layers Activates Supra-granular V1 Layers Selectively
In a next step, we assessed how the selective activation of LGN konio layers with optogenetics would drive electrophysiological responses in downstream area V1. To this end, we inserted a 24-channel lamina-sampling electrode into V1 and compared the layer-resolved V1 activity, elicited by either visual or optogenetic konio LGN stimulation (see Experimental Procedures and Figure 2A ). Based on the average local field potential (LFP) responses across stimulation trials, we calculated the current source-density (CSD) profiles for the visual flicker and optogenetic conditions to assess V1 laminar activation. CSD analysis reveals areas of incoming current (Mitzdorf, 1985) that reflects, in our case, the excitatory input from the LGN. Figure 2B shows representative CSD profiles from one session in monkey CM023. The CSD profile obtained under the visual flicker condition confirms the previously reported initial sink in granular layer 4 that presumably reflects incoming currents from the magno-and parvocellular LGN layers (Maier et al., 2011; Mitzdorf, 1985; Schroeder et al., 1998) . In contrast to the visual stimulation, the CSD profile from the optogenetic stimulation of LGN konio layers did not show any current flow in V1 layer 4 and instead revealed a selective initial sink in the V1 supra-granular layers. This electrophysiological finding matches prior anatomical reports that konio (A) The schematic shows the experimental setup and the projections of the three LGN streams (magno, parvo, and konio) to V1. Up to three recording electrodes, one microstimulation electrode, and one optical fiber were lowered into the LGN. In addition, a 24-contact laminar recording electrode was positioned in V1. (B) CSD profiles of V1 neuronal activity obtained under the visual and optogenetic stimulation conditions for one session in monkey CM23. Visual stimulation resulted in an initial sink in layer 4. The lower bound of this sink was set to zero and marks the transition to layer 5 (Maier et al., 2011; Schroeder et al., 1998) . The two dashed white lines mark the boundaries among supra-granular (S), granular (G), and infra-granular (I) V1 compartments. Optogenetic stimulation caused a sink in the supra-granular layers, but no current flow in the granular or infra-granular layers. (C) The mean Z score values of the supra-granular and granular layers of each session and condition were plotted against each other. During visual stimulation, activity was stronger in the granular layers compared to the supra-granular layers (black dots). In contrast, during the opto stimulation, activity was stronger in the supra-granular layers compared to the granular layers (green dots). Diamonds show the means of the two distributions. (D) The supra-granular-to-granular layer activation ratios were significantly different for the two conditions (Wilcoxon rank-sum test, p = 1.2835 3 10 À18 , n = 213 flicker sessions and 41 opto sessions). A ratio <1 indicates higher activity in the granular layers; values >1 indicate higher activity in the supra-granular layers. Red bars show the SEM; ***p % 0.001.
cells project mainly to layers 1-3 of V1 (Casagrande et al., 2007; Hendry and Yoshioka, 1994) . To quantify this effect across experiments, we calculated the mean activation strength for all electrode contacts sampling from granular versus supra-granular layers, respectively, and plotted them against each other across all sessions ( Figure 2C , population data of three monkeys). The resulting scatterplot showed two distinct clusters as follows: optogenetic stimulation sessions lay typically above the diagonal, whereas visual flicker stimulation resulted in points below the diagonal. This confirmed across our experiments and monkeys that, under the optogenetic stimulation condition, the activity in the supra-granular layers was significantly higher than in the granular layers (Wilcoxon rank-sum test, p = 0.0048, n = 41 opto sessions). In contrast, under the flicker condition, the activity was significantly higher in the granular layers compared to the supra-granular layers (Wilcoxon rank-sum test, p = 3.5237 3 10 À12 ; n = 213 flicker sessions). Overall, we measured significantly higher supra-granular/granular activation ratios ( Figure 2D ) during optogenetics (mean = 2.92) compared to visual flicker (mean = 0.53) (Wilcoxon rank-sum test, p = 1.2835 3 10 À18 ; n = 213 flicker sessions and 41 opto sessions). Therefore, by demonstrating selective activation of V1 supragranular layers caused by optogenetic stimulation of LGN konio neurons, we were able to functionally identify the LGN konio pathway to V1.
Electrical Microstimulation of Parvo versus Konio
LGN Systems Results in Distinct V1 Laminar Activation Profiles Unlike for optogenetics, a frequent concern for electrical microstimulation is that its effect on activating neuronal connections is uncontrolled and therefore unspecific. We wondered how the results we achieved with optogenetics would compare to those obtained with electrical microstimulation. Electrical microstimulation appears attractive for LGN due to its layered organization into spatially segregated projection streams (Wilson, 1986) .
To this end, we applied 50-100 mA electrical currents through a microstimulation electrode positioned in one of the parvo layers of the LGN. The electrically evoked CSD profile showed an initial sink in V1 granular layer 4, as predicted by anatomy (Blasdel and Lund, 1983; Hubel and Wiesel, 1972; Latawiec et al., 2000) , and appeared very similar to the one evoked by visual stimulation ( Figure 3A) . We repeated this electrical stimulation after the electrode had been moved to an LGN konio layer. In marked contrast to parvo layer stimulation, electrical microstimulation of the konio layer resulted in a CSD profile that was similar to the optogenetic stimulation profiles, with no current flow in granular layer 4 but a selective current sink in the supra-granular layers. To further verify that this initial sink was caused by the selective activation of the koniocellular pathway, we stimulated at the same LGN position with optogenetics using a light fiber that was moved in parallel with the microstimulation electrode. The CSD profile obtained in this manner was identical to the microstimulation profile, showing that indeed the activation of the LGN konio layers was causing the supra-granular sink ( Figure 3A) .
To quantify this effect across all microstimulation sessions, we again calculated activation indices for the granular and supra-granular layers, this time for the microstimulation condition ( Figure S6A ). While the previous scatterplot ( Figure 2C ) showed one cluster that was located below the diagonal (supra/granular activation <1) for the flicker condition and one cluster above the diagonal (supra/granular activation >1) for the optogenetic condition, the microstimulation condition showed a mixture of these two effects. In 55 stimulation sessions (data from four monkeys) in which the electrode was most likely positioned in a konio layer, there was a stronger activation in the supra-granular layers of V1 compared to the granular layers, which resembles the optogenetic stimulation conditions. In the other 57 sessions, there was stronger activity in the granular layers compared to the supra-granular layers, similar to LGN layer resulted in an initial sink in V1 granular layer 4, whereas microstimulation of a LGN konio layer resulted in activation of V1 supra-granular layers. A very similar pattern was observed in V1 when the same LGN konio position was optogenetically stimulated. The two dashed white lines in each CSD profile mark the boundaries among supra-granular (S), granular (G), and infra-granular (I) V1 compartments. (B) Plotting the V1 supra/granular ratio against the LGN stimulation depth revealed a pattern of alternating supra/granular ratios <1 and >1, resembling the laminar organization of the LGN. In this monkey, we stimulated electrically at 27 positions along the depth of the LGN. Every V1 supra-granular/granular activation ratio is based on LGN stimulation positions maximally 250 mm apart. Error bars show the SEM; the r 2 of the fit was 0.99.
the flicker condition, most likely caused by the position of the electrode in LGN parvo layers. To further test the direct effect of the LGN stimulation electrode position on the laminar V1 response profile, we carried out additional experiments in two monkeys (35 sessions at 32 positions in monkey D13 and 33 sessions at 27 positions in monkey J13) in which we moved the electrode gradually through LGN and systematically stimulated electrically along the track. For both monkeys, we found an alternating pattern of more granular versus more supra-granular activity depending on the stimulation position in LGN ( Figure 3B ; Figure S6B ), reflecting the organization of the LGN into V1 layer 4-projecting magno/parvo layers interleaved by the LGN konio layers that project to the supra-granular layers of V1. By reconstructing the tracks of the stimulation electrodes through the LGN of both monkeys based on Nissl stained sections, receptive field positions, and ocularity reversal along the path, and by aligning these to the depth profile ( Figure 3B ; Figure S6B ), we verified that V1 supra-granular activation was indeed limited to LGN stimulation positions in the konio or intercalated layers ( Figure 3B ; Figure S7 ).
In summary, these results show that electrical microstimulation is as selective as optogenetic stimulation in the LGN-V1 circuit where neuronal subpopulations are spatially segregated and not directly interconnected. With electrical microstimulation, it was possible to activate selectively konio or parvo layers and map their respective influence on V1. Notably, we did not encounter any activation of V1 infra-granular layers caused by electrical microstimulation, indicating no apparent antidromic activation effect of electrical microstimulation under the tested conditions.
Electrical Stimulation of LGN Konio System Causes Short-Latency Activation of V1 Supra-granular Layers
In a last step, we examined the projection from LGN to V1 layers on the basis of response latency considerations. Specifically, we measured the latency of the current sinks (incoming currents) evoked across V1 laminae under the different stimulation conditions ( Figure 4A ). Although the absolute response latencies differed among the monkeys, the relative time differences were comparable. We therefore assessed first the response latencies when parvo versus konio LGN systems were electrically stimulated ( Figure 4B ; Figure S8 ). Stimulating the LGN parvo layers of monkey J13 resulted in an initial current sink in V1 granular layers at 15.3 ms (n = 19 sessions; 23.9 ms in monkey D13, n = 21). This initial sink was followed by a secondary sink at 30.4 ms in the V1 supra-granular layers of monkey J13 (29.8 ms in monkey D13). Therefore, stimulating the parvocellular system initially invoked the granular layers followed by the supra-granular layers of V1. In comparison, electrically stimulating the LGN koniocellular system resulted in a selective current sink in V1 supragranular layers with a response latency of 16.2 ms for monkey J13 (n = 9; 27.9 ms for D13, n = 16). These results demonstrate that V1 supra-granular activation can be achieved either directly via the koniocellular system or indirectly following parvocellular activation of V1 granular layers. However, when comparing these electrically elicited response latencies to the one measured during visual flicker ( Figure 4B ; Figure S8 ), it is apparent (even when accounting for the additional retinal delay) that V1 supra-granular layer activation during vision occurs later than during electrical LGN stimulation conditions. It appears therefore that, while both LGN parvo as well as konio systems are sufficient to drive V1 supra-granular layers, other mechanisms likely contribute in addition to visual processing in these layers.
DISCUSSION
The data presented here show the successful implementation of cell population-targeted optogenetics in the monkey LGN. Transduced cells in the LGN could be reliably activated and identified. Also, at the neuronal circuit level, the amount of selectively recruited konio neurons was sufficient to drive short-latency activity in the supra-granular layers of downstream area V1. This finding was confirmed by electrical microstimulation experiments that gave almost identical results, and it highlights the value of both techniques for mapping neuronal circuits.
Identification of LGN Konio Neurons by Optogenetics
Of the total population of LGN neurons from which we recorded, we identified $23% as being directly affected by the optogenetic stimulation based on the short-response latency criterion. This number, however, appears large in comparison to the value of 10% CamKIIa-positive neurons reported in the literature. There are three reasons that might help explain why our data contain twice as many cells. (1) Our sampling was not homogenous across the LGN. During our recordings, we specifically looked for neurons that were directly activated and focused therefore on the intercalated layers. This almost certainly introduced a strong bias toward short-latency neurons. (2) We saw expression of ChR2 in cells that were positive for parvalbumin. Thus, it has to be assumed that a fraction of neurons in our sample might have been not konio cells and that the actual percentage of konio cells is therefore likely lower than 23%. (3) We observed retrograde labeling in a small percentage of V1 layer 6 neurons and retinal ganglion cells. Such retrograde traveling mechanisms in monkeys have been described before for different AAV serotypes (Diester et al., 2011; Gerits et al., 2015; San Sebastian et al., 2013) .
Optogenetic LGN stimulation can therefore lead, at least in theory, to an indirect short-latency activation of LGN cells by activating the input synapse to LGN cells irrespective of their population identity (Inoue et al., 2015; Zhang and Oertner, 2007) . As indirect activation effects cannot be entirely ruled out for our dataset, a final statement about the visual properties of the optogenetically identified konio cells cannot be made with certainty at this point. However, given that the majority of the transduced neurons were not visually responsive under our testing conditions and that other labs have made similar observations for the konio system both at the level of LGN (Irvin et al., 1986) as well as its terminals in V1 (Chatterjee and Callaway, 2003) , it is conceivable that the koniocellular system may consist of a heterogenous collection of neuronal subpopulations reflecting different types of subcortical inputs (Harting et al., 1991) as well as different supra-granular targets in cortex (Casagrande et al., 2007; Chatterjee and Callaway, 2003; Hendry and Yoshioka, 1994) , with the possibility that only a part is involved in visual analysis.
V1 Laminar Processing and Possible Contribution of the Koniocellular System
The V1 CSD profiles obtained under visual stimulation conditions showed the well-described initial sink in layer 4 and, in addition, a delayed current sink in the supra-granular layers. This pattern is in close agreement with previous studies that applied CSD analysis to laminar V1 LFP recordings under various visual stimulation conditions (Maier et al., 2011; Schroeder et al., 1998) . While our electrical microstimulation experiments confirmed that the initial sink in V1 granular layers is indeed reflecting parvocellular input from LGN, the cause of the sink in the supra-granular layers is less well understood. Based on our experimental observations, there are at least two possible sources for the supra-granular sink during visual processing as follows: (1) a disynaptic mechanism that follows the two-level model of local cortical circuitry proposed by Callaway (1998) ; in this view, primary activation of granular layer 4 would subsequently trigger the delayed activation of the supra-granular layers during visual stimulation; and (2) the observed sink in the supra-granular layers during visual stimulation also might reflect the direct input from the LGN koniocellular system; in this scenario, the delay between the granular and the supra-granular sink under visual stimulation could reflect the longer conduction latencies of the konio cells compared to the magno and parvo cells (Irvin et al., 1986) . The latency analysis based on the visual and electrical microstimulation CSD profiles supports both scenarios. Importantly, however, when considering the latency of supra-granular processing during visual stimulation, the observed latency of $25 ms on average after activation of V1 granular layers appears too slow to be the sole result of either indirect parvocellular or direct koniocellular activation. It therefore seems more plausible that the supra-granular activity during visual stimulation reflects a mixture of various inputs, including the konio and parvo systems (Irvin et al., 1986) .
Optogenetics versus Electrical Microstimulation
Optogenetics and electrical microstimulation recently have been compared in studies focusing on primate fronto-parietal systems. While Dai et al. (2014) found comparable effects of both stimulating techniques in the lateral intraparietal area (LIP), when monkeys performed a visuospatial discrimination task, Ohayon et al. (2013) could evoke saccades only in one monkey following optogenetic stimulation of the frontal eye field (FEF). Similarly, Diester et al. (2011) did not observe any effect on spontaneous motor behavior during optogenetic stimulation in the motor cortex, even at sites where electrical microstimulation caused reliable arm movements. These findings seem to imply that optogenetics activates neuronal circuits similarly to electrical microstimulation, yet probably more locally (Cavanaugh et al., 2012; Ohayon et al., 2013) and perhaps without passing a critical threshold to evoke behavioral responses. It has been argued that to pass this threshold the monkey may need to be engaged in a task (Diester et al., 2011) or that optogenetic stimulation might need to be combined with low-current electrical microstimulation (Ohayon et al., 2013) . To understand more precisely the brain mechanisms that are required to generate behavior elicited by either one of these methods, detailed investigation of the associated circuit activation patterns should provide useful information.
In our case, we investigated the effects of LGN optogenetics versus electrical microstimulation in driving responses in downstream cortical area V1. Our V1 CSD profiles during optogenetic LGN stimulation showed clear, restricted activation of the supragranular layers without recruitment of granular or infra-granular layers. In comparison, our electrical microstimulation V1 CSD profiles resemble the ones from the optogenetic condition, showing also no sink in the infra-granular layers of V1 when LGN konio layers were stimulated. This might seem surprising initially in the following two ways: (1) electrical microstimulation is often thought to be non-specific, reflecting the passive flow of current; and (2) microstimulation is known to activate cells antidromically (Bishop et al., 1962) . While we can't rule out entirely that such effects may contribute, it is important to keep in mind that we did our experiments with small currents in a system with limited recurrence or cross-talk. It is, therefore, conceivable that the currents used here were too small to recruit enough infra-granular V1 neurons antidromically to create a sink in the CSD profiles. Similarly, the small current applied at electrophysiologically distinct LGN sites resulted most likely in LGN layer-confined activation (200-to 280-mm current spread; see the Supplemental Experimental Procedures).
Comparable selective activation of konio layers by microstimulation was reported previously by Logothetis et al. (2010) . In this study, both V1 and the middle temporal (MT) area, but no other extra-striate areas showed positive blood-oxygen-level dependent (BOLD) responses during LGN stimulation, depending on the position of the microstimulation electrode inside the LGN. In that context, the activation of area MT is most likely explained by recruitment of konio layers, as they are the only ones in the LGN that bypass V1 and project directly to area MT (Sincich et al., 2004) .
It is often claimed that the advantage of optogenetics over microstimulation is that it works in a cell-specific manner. However, our histological data suggest that, at least in monkeys, where genetic manipulations currently rely on cell type-specific promoter sequences, this may not always be true. The expression of the CamKIIa construct in parvalbumin cells shows that konio cells were not exclusively affected by the optogenetic manipulations. If not controlled by histological examination, this sets limits for so-called photo-tagging approaches that aim to describe sensory, motor, or cognitive properties of optogenetically identified target neurons. Similarly, concerns that electrical microstimulation recruit fibers of passage also may be considered for optogenetics.
Therefore, both methods, optogenetics as well as electrical microstimulation, have limitations that need to be considered. When these factors are controlled in a circuit with limited recurrence as the geniculate-V1 system here, both methods are equally well suited to generate new insights into the targeted circuit mechanisms.
EXPERIMENTAL PROCEDURES
Three adult male Macaca mulatta monkeys (C06, J13, and D13) and one male Macaca fascicularis (CM23) provided data for this study. The weights of the monkeys were between 6.4 and 12 kg. All surgical and experimental procedures were approved by the local authorities (Regierungsprä sidium, Tü bingen Referat 35, Veterinä rwesen) and were in full compliance with the guidelines of the European Community (EUVD 86/609/EEC) for the care and use of laboratory animals.
During all experiments, the anesthesia was maintained with remifentanil (0.5-2 mg/kg/min), and paralytic mivacurium chloride (5-7 mg/kg/hr) was given to ensure complete paralysis of the eye muscles. rAAV5-Camkll-hChR2 (H 134R)-eYFP was pressure-injected via a microinjection cannula under electrophysiological guidance into the right LGN. Optogenetic and electrical stimulation procedures as well as LGN electrophysiological recordings were done using a five-channel mini-matrix drive (Thomas Recording). A 24-channel Plexon VProbe was used for laminar V1 recordings. Electrophysiological data were acquired using a Tucker-Davis recording system. See the Supplemental Experimental Procedures for further details.
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